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Mechani cal stresses to skeletal muscle, particularly during maximal lengthening contractions, often result in injury. However, a subsequent bout of the same activity performed days or even weeks after an initial bout results in significantly less damage. The Bdamage[ can be measured in a number of ways, but the end result is that the second injury results in less loss of muscle function. The underlying mechanisms of this phenomenon, termed the Brepeated-bout effect[ (RBE), are unclear but are probably a combination of contributions from neural, mechanical, and cellular adaptations. This could include such changes as a shift in the recruitment of motor unit firing or in the length-tension curve because of the addition of sarcomeres, the disruption of passive elements, or adaptations in the inflammatory response.
Lengthening contractions occur when the force exerted on a contracting muscle exceeds the force generated by that muscle. They can produce twice as much force as that generated by shortening (concentric) or isometric contractions. Consequently, lengthening contractions are more likely to produce damage 1 than either isometric or concentric contractions. 2 This damage is often accompanied by reduced contractile force, which recovers over the next several days to weeks. 3, 4 Such injuries can be accompanied by structural changes, 5 the presence of muscle-specific proteins in the blood, 3, 4, 6 increased edema and fiber swelling, 6, 7 inflammation, 4, 8, 9 soreness, 3 decreased range of motion, 4, 6 and myofiber necrosis and regeneration. 5, 10 Paradoxically, although high-force lengthening contractions are associated with injury, they can also provide significant protection against future injury 8 in what is known as the RBE. Several aspects of muscle damage are ameliorated because of the RBE. For example, compared with the first bout, a second bout of lengthening contractions is associated with a decreased loss of contractile force, less soreness, and a reduction in the amount of muscle proteins in the blood. 6 However, little is known about the conditions that result in protective adaptation.
Some of the difficulties associated with defining the RBE are likely to be caused by the differences in the methods used to induce injury and the markers used to assess muscle damage. We have therefore established standard conditions to induce and measure both the injury and the RBE. For the purposes of this study, we define muscle injury as a loss of contractile function, and we define a RBE as occurring when a muscle shows a smaller loss of force after a second injury compared with the first. Here, we address three questions regarding the RBE: (1) How soon after an initial injury will an RBE be conferred? (2) How long does the RBE last? (3) How specific is the RBE to the nature of the initial injury? We compared two injuries induced by different levels of strain and the number of lengthening contractions. In one injury model, ten repetitions of contractions were performed while the muscle underwent a large strain, and in the other, 150 repetitions were performed while the muscle was subjected to a small strain. Our laboratory has previously shown that the recovery of muscle after a small-strain injury (SSI) requires myogenesis, whereas recovery from a large-strain injury (LSI) does not. 11 Based on observations on humans, 11Y13 we hypothesized that the RBE would occur soon after either injury and persist for several weeks. We further predicted that the RBE would occur even if the second injury was performed under different biomechanical conditions than the first injury. Our results are consistent with both of these predictions.
METHODS

Animals
Adult male Sprague-Dawley rats (N = 75; weight, 416 T 32 g; Charles River, Wilmington, MA) were housed in a pathogen-free environment at a constant temperature of 22.0-C and a 12-/12-h light/dark cycle. The experiments were performed on 12-to 14-wk-old rats weighing 416 T 32 g. All measurements of contractile function, induction of injury, and tissue collection were performed under general anesthesia induced by 2% isoflurane inhalation (VetEquip, Pleasanton, CA). The animals were assigned to one of two groups: an LSI induced by several repetitions or a SSI induced by many repetitions. All protocols were approved by the Institutional Animal Care and Use Committee of the University of Maryland School of Medicine.
Injury
Injury was induced in vivo in the ankle dorsiflexor muscles through a series of lengthening contractions, as previously described. 11,14Y16 Briefly, with the animal supine, the hind limb was stabilized by placing a 21-gauge needle through the head of the tibia. The needle was secured by a vice, and the foot was secured onto a plate. The plate turned around an axis that was attached to a stepper motor, a potentiometer to measure the range of motion of the ankle, and a torque sensor. A custom program was used to initiate contractile activation before ankle rotation. The left hind limb was designated as the experimental side, and the right hind limb was designated as the control side.
Contractions of the dorsiflexor muscles were elicited by depolarizing the peroneal nerve through subcutaneous needle electrodes (Chalgren 30-ga electrodes, part 223-012-24TP; Jari Electrode, Gilroy, CA). Impulses of 1-msec duration were generated using an S48 square pulse stimulator (Grass Instruments, West Warwick, RI) and a PSIU6 stimulation isolation unit (Grass Instruments) placed between the electrode and stimulator. Current amplitude was restricted to a maximum of 15 mA. Pulse amplitude was adjusted to obtain maximal tetanic torque, and 300-msec trains of varying pulse frequencies were used to generate a torque-frequency curve. Functional data were recorded from each group of animals. Maximum tetanic torque recorded at each time point was expressed as a percentage of the maximum tetanic torque measured for each animal before injury.
We used two different injury models, which we have previously described, that result in comparable force loss. 11, 17 For the LSI (n = 63), the foot was placed with the ankle at 80 degrees (with the foot orthogonal to the leg considered 90 degrees) and moved into plantar flexion through a 90-degree arc of motion at an angular velocity of 900 degrees/ sec, beginning 200 msecs after tetanic stimulation of the tibialis anterior (TA). There was a 1-min rest between repetitions. For SSI (n = 12), 150 lengthening contractions were equally spaced apart over 30 mins through a smaller arc of motion, with the muscle in a shorter start position. The ankle was set at 70 degrees and moved into plantar flexion through a 40-degree arc at 900 degrees/sec. Ankle movement was initiated 200 msecs after the onset of tetanic contraction.
Contractile Function
The maximal isometric torque of the dorsiflexor muscle group, predominantly generated by the TA muscles, 9 was measured before muscle injury and again 3 mins (B0 days[) and 1, 2, 3, 5, 7, 14, 28, and 42 days after the injury. The TA muscle was used because of its easy accessibility, the ability to compare results to previous literature, and the relatively small angle of pennation of its muscle fibers, which reduces the contribution of angular rotation during eccentric contraction. After an initial LSI, a second LSI was performed at 8 hrs, or 1, 2, 3, 5, 7, 14, 28, or 42 days later. Contractile function was measured before and after each bout to determine how long after the initial injury the RBE started. To determine the specificity of the RBE, 3 days after a LSI, when the muscle was functionally recovered, or 10 days after the initial LSI, the dorsiflexors were injured a second time following either the LSI or the SSI protocol. In addition, 10 days after the SSI, a second SSI was performed. Contractile function (maximal isometric torque) was recorded before and after each injury.
Histology
After functional data were collected, TA muscles were harvested from the anesthetized rat, snapped frozen in liquid nitrogen, and stored at j80-C. Cross sections (10-Hm thick) were cut from the middle third of the TA and either stained with hematoxylin and eosin for morphologic analysis or processed for immunostaining for the identification of inflammatory cells. Immunohistochemistry was performed. Briefly, the sections were air dried and then fixed in cold acetone. After air drying again, the sections were washed in phosphatebuffered saline and quenched using 0.3% hydrogen peroxide. The sections were incubated with buffer containing 3% bovine serum albumin and then with primary antibodies overnight at 4-C. The macrophages were labeled with an ED1 (CD68) and ED2 (CD163) antibody (1:200; Serotec, Raleigh, NC). After washing with phosphate-buffered saline, the sections were incubated using biotinylated horse antimouse secondary antibody that had been preadsorbed with rat immunoglobulin G (1:200; Vector Laboratories, Burlingame, CA). The sections were subsequently washed in phosphate-buffered saline, incubated with avidin D horseradish peroxidase (1:1000), and developed using the 3-amino-9-ethylcarbazole kit (Vector Laboratories). The sections were viewed with a 20Â objective, and pictures were taken using a digital camera (AxioCam HR using AxioVision 3.0, Carl Zeiss, Germany).
Statistical Analysis
Values are reported as mean T SD. Data were compared across groups or time points using a one-way analysis of variance with Holm-Sidak post hoc analysis or a Student's t test. For groups that did not pass tests of normality and sphericity, the nonparametric Kruskal-Wallis one-way analysis of variance on ranks with the Dunn post hoc method or the Mann-Whitney rank-sum test was used. The differences between groups were considered significant at the P G 0.05 level.
RESULTS
Characterization of Injured Fibers
LSI and SSI produced similar losses of contractile torque (Fig. 1) , consistent with previous findings. 11, 14, 17 Most muscle cross-sections had normal morphology shortly after injury, but some had small areas of localized inflammation. The LSI was characterized by a small number of centrally invaded fibers and swollen, pale fibers, likely to be necrotic (Fig. 2 A) . Centrally invaded fibers were only observed after LSI at 1 day. To confirm that the nuclei in these fibers stained by hematoxylin and eosin were, in fact, inflammatory cells, serial sections were labeled for macrophages ( Fig. 3DYG ).
In these examples, mostly ED1-positive macrophages were present inside the fibers. Centrally invaded fibers, also referred to as Bcentral necrosis,[ are thought to be downstream of an area where the same myofiber has been completely invaded. 18 Therefore, a centrally invaded fiber is likely to progress to a completely invaded fiber (Fig. 3AYC) . SSI appeared to result in more accumulation of inflammatory cells and interstitial edema than did LSI (Fig. 2B ). Although this apparent difference was observed at 1 day post injury, it was most evident by 3 days. These qualitative observations support previous findings in which the SSI produced more cell damage and took longer to repair than did the LSI. 11, 17 Onset and Cessation of the RBE To determine the times of onset and cessation of the RBE, we performed a second LSI at various times after the initial LSI. Maximal isometric torque was measured before and after each injury. If the second injury was performed 2 days later, when the mean torque completely recovered from the first injury (our unpublished results), the second injury was less severe (Fig. 4) . This RBE persisted for at least 14 days after the initial injury, diminished at 28 days, and disappeared by 42 days.
We also examined how soon the muscles recovered their contractile torque after the first and second injuries. The RBE was not observed after a second LSI 8 hrs later; however, the early recovery after a second LSI performed 8 hrs after the first was 2-fold greater than after a single injury ( Fig. 5 ).
Specificity of the RBE
To determine the specificity of the RBE, we performed an LSI followed by an SSI and vice versa, with the second injury induced only after full functional recovery from the initial injury. The results indicated an initial SSI protected against both subsequent LSI and SSI. The initial SSI was no better at protecting against damage caused by a subsequent LSI than SSI. In contrast, LSI did not protect against a subsequent SSI, although it provided a substantial RBE to the subsequent LSI ( Fig. 6 ).
DISCUSSION
Lengthening contractions are known to produce muscle injury, but they can also induce an adaptation that renders the muscle more resistant to subsequent injuryVthe RBE. Little is known about the timing of the onset and cessation of the RBE or the specificity of the adaptation. Consequently, we sought to determine the onset of the RBE, which we hypothesized would be very rapid, and its cessation, which we hypothesized would be many weeks later. We found that an LSI conferred an RBE, or an attenuated loss of torque, within 2 days of the initial injury. The RBE lasted for at least 14 days, well after functional recovery, and was lost by 42 days after the initial LSI. Furthermore, the RBE was specific to the conditions of the SSI but not specific to the LSI. Both LSI and SSI protected against a subsequent LSI, although only SSI protected against a subsequent SSI. These results suggest that some features of the RBE are specific for the kinds of injuries studied and that some aspects of the RBE are not directly linked to the time required for complete functional recovery from the initial injury.
We now know that, despite an almost identical injury as defined by the amount of force loss, SSI
FIGURE 4
The loss of maximal isometric torque following a second LSI injury. If the second injury was performed 2, 3, 5, 7, or 14 days following the first injury, the muscle was partially protected from torque loss, indicating an RBE. LSI indicates large-strain injury; RBE, repeated-bout effect. *P G 0.001 significantly different than first injury by analysis of variance. n = 63 for the first injury and n Q 4 for all other groups.
FIGURE 5
Change in functional recovery during the first 24 hrs after LSI. The recovery following a second LSI performed 8 hrs after the first was 2-fold greater than following a single LSI. LSI indicates large-strain injury. *P G 0.001significantly different than first injury, as determined by t test. n = 8 and 7, respectively.
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The Repeated-Bout Effect and LSI do not provide reciprocal protection from subsequent injury. The reasons why only the SSI protects against future bouts of SSI and LSI are unclear. The possibilities are numerous and could include contributions from neural, mechanical, and/or cellular adaptations already mentioned. The most likely explanation is that the myogenesis that occurs only after the SSI is integral to this protection against both types of future injury.
Although little is known about the changes in muscle that lead to an RBE, we observed the effect when the second bout of exercise was imposed just 2 days after the first. In humans performing lengthening contractions with the quadriceps muscles, testing immediately after a second bout of the same exercise performed 13 days after the first bout resulted in a decrease in force loss. 19 Subjects performing lengthening contractions also showed attenuated creatine kinase and soreness, when the second bout was performed 7 days after the initial injury. 7, 20 Studies of earlier time points show conflicting results, however. An RBE is observed after 3 days 21 and 5 days 22 before the muscle regains full contractile function after the first bout. Based on measurements of edema 4 days after exercise, rats do not have an RBE from the first inflammatory response. 7 Such findings make it difficult to understand the nature of the RBE, likely because the criteria for injury and RBE differ from study to study.
Our results indicated that a second injury performed just 8 hrs after the initial injury, before full recovery, showed an increase in functional recovery over the following 24 hrs (Fig. 5 ). Although this latter finding agrees with others, 22 ours is the first study to demonstrate a relative improvement in contractile function within hours of the initial injury, well before the recovery of function was complete. Although this improvement in early recovery does not necessarily constitute a RBE, such findings suggest that the RBE may be even more rapid than was previously thought.
Studies regarding the persistence of the RBE in human subjects have yielded conflicting results.
Although several studies show an RBE as measured through contractile function immediately after the injury and 6 wks later, 6, 22 most studies of humans report no RBE when the second bout was performed any time between 4 wks to 1 yr after the initial injury. 3, 6, 23 However, consistent with our observation (Fig. 5 ), some investigators found improved recovery at these later time points in the days after the second injury 3, 22, 23 with the exception of one study that did not find an improved recovery at 10 wks. 6 Nosaka et al. 3 have shown, in human studies, that the recovery of contractile function is still evident when a second bout is performed 1 yr later, although it was less than that observed at 9 mos, suggesting that the adaptation was subsiding. 3 The disadvantage of using human subjects in studies of the RBE is the lack of control over the exposure to lengthening contractions in the period between bouts. Moreover, maximal voluntary contraction in people can be limited by soreness and is subject to changes in motivation. Consequently, the duration of the RBE determined in these studies may be more variable than that measured in nonvolitional animal studies.
Our results with young adult rats suggest that the LSI affords some protection against a subsequent LSI for at least 14 days. The RBE began to diminish by 28 days and was lost by 42 days. Previous studies with laboratory animals have routinely waited 2 wks between bouts to test for the RBE, but there is little information on its cessation. Indeed, only one study showed that the RBE is attenuated sometime between 28 and 84 days in mice. 24 As shown in this study, although two different injuries produced a similar loss of contractile function, the amount of cell damage induced by each was markedly different. After the LSI, the architecture of most of the muscle fibers was comparable to that of the uninjured muscle, although we observed occasional centrally infiltrated or swollen cells. The inflammatory response after the SSI appeared to be more robust and was characterized by local areas of interstitial edema, fully invaded fibers, accumulation of inflammatory cells and swollen fibers, as we previously reported. 11, 17 The two injuries produced different cellular responses, and, as such, adaptations are likely to be specific to the conditions of the initial injury. As suggested previously, the fact that muscles regenerate after SSI, but not after LSI, may help explain our observation that SSI, but not LSI, partially protects against a second bout of SSI.
Biomechanical considerations, which we did not examine, could contribute selectively to the RBE after one form of injury but not the other, however. For example, a rightward shift in the length-tension curve of muscles after injury (the longitudinal addition of sarcomeres) might be present in only one of the injury models. Initial muscle length can affect the degree of damage and might have confounding effects that we did not detect. A second and more practical consideration is that we do not know how readily our current findings apply to humans. Although the rat model provides obvious advantages (age-matched, sex-matched, controlled environment and history, ability to recruit all motor units, etc.), there are some inherent disadvantages to any animal model. For example, the orderly recruitment of motor units from small to large (the Bsize principal[) may not apply in experiments with anesthetized rodents. The assumption that all mammalian skeletal muscles are identical is also not true, despite the remarkable similarities. Therefore, one must be careful when extrapolating these findings to humans.
Nevertheless, the factors underlying the specificity of the RBE demand study, both in animal models and in man, for their potential beneficial effects. Studies of the volume and intensity of exercise, type of contraction, and magnitude of muscle strain have provided evidence that the RBE can be induced by a brief exposure to lengthening contractions that result in an immediate and significant (approximately 50%) loss of contractile function. Although training with concentric contractions before a bout of lengthening contractions makes the muscle more susceptible to contractioninduced injury in humans, 12 it produces an RBE in old and young rats. 25, 26 Both passive stretches and isometric contractions offer some protection against later injury with little risk of muscle damage. Therefore, extensive muscle damage may not be necessary to induce an RBE. Likewise, a low volume or intensity of contractions produces an adaptation that partially protects against a larger volume or intensity of exercise. 13,21,27Y29 Conversely, small-strain lengthening contractions are reported to provide little to no protection against injury sustained from large-strain contractions, 30, 31 observations that are not in keeping with our results using rats subjected to SSI followed by LSI. These earlier studies with human subjects modified one variable of the injury protocol; however, it is a rare occurrence, if at all, that a person would only change one element of the contraction, keeping all others exactly the same, in a daily movement. Therefore, it may be more functional to compare injury models that alter both the strain and number of repetitions, for example.
The results from human studies, in which subjects altered their stride length during an initial bout of downhill running and then performed a second bout at their preferred stride or vice versa, suggest that the RBE is more dependent on strain than on the volume of exercise and that the RBE effect is not always specific to the initial conditioning bout. 32, 33 Our results show that the RBE can be specific in some injuries but not in others. This type of information will be useful to sports medicine professionals in designing fitness programs to minimize contract-induced injury on the field. Our findings that the RBE is not necessarily specific to one type of injury also suggest that, as we collect this type of data, patients that are more susceptible to eccentric injury, such as the elderly and those with muscle diseases, might be able to use one protocol that is safe to protect them from injuries that might otherwise occur with lengthening contractions. Future studies will use the parameters established here to examine the molecular mechanisms underlying the RBE.
